Introduction
Proliferation of hematopoietic stem cells (HSC) is largely controlled by hematopoietic growth factors or cytokines. 1 While no cytokine specific for HSC proliferation has been identified, numerous studies have pointed to synergistic effects of cytokines in this process (reviewed in Refs 2 and 3). Since stromal cells synthesize and secrete most of these cytokines, they may be especially involved in HSC proliferation. 4 Furthermore, the importance of growth factor presentation by stromal cells has been recently emphasized in various biological systems, including hematopoiesis, especially when cytokines were expressed as a membrane-bound form. 5 This form of stimulation between adjacent cells was termed 'juxtacrine'. 6 Although stem cell factor (SCF), Flt3 ligand (FL) and colonystimulating factor-1 (CSF-1) show very distinct hematopoietic activities, they are structurally related cytokines that interact with specific receptors belonging to subclass III of the tyrosine kinase receptor family (reviewed in Refs 7 and 8) . In addition, alternative splicing results in the generation of membranebound and secreted forms for SCF, 9 ,10 CSF-1 11, 12 and FL. 13, 14 In of blood cells, germ cells and melanocytes. 15, 16 Thus, soluble SCF cannot substitute for membrane-bound SCF in these developmental processes, providing a dramatic example of the physiological importance of membrane-bound growth factors. [15] [16] [17] Furthermore, membrane-bound SCF has been found to mediate adhesion of hematopoietic progenitors to stroma 18, 19 and to be more effective than soluble SCF in supporting long-term hematopoiesis in vitro. 20 Whether a growth factor can exert a mitogenic effect on a given hematopoietic cell only when expressed in its membrane-bound form is still unclear: this question may be of particular importance in the case of the leukemic cells that express Kit, Flt3 or Fms receptors but are unable to proliferate in vitro in response to their cognate soluble ligands. [21] [22] [23] However, investigating juxtacrine interaction of native stromal and hematopoietic cells may be hampered by endogenous expression of membrane-bound growth factors and receptors under studies. To obviate this problem, some groups have developed artificial systems based on ectopic gene transfer for selective production of either the membrane-bound or the secreted form of growth factors in fibroblasts or stromal cells, and/or constitutive expression of cognate receptors on hematopoietic cells. This approach was used to demonstrate that the membrane form of CSF-1 (MemCSF-1) supports the proliferation of hematopoietic cells ectopically expressing CSF-1 receptor (CSF-1R). 24, 25 We have previously shown that, in multipotent murine FDCP-Mix cells, ectopically expressed human CSF-1R or endogenous SCF receptor does not transduce a mitogenic signal but can potentiate interleukin-3 (IL-3) proliferative effects, suggesting that at least one component essential for transduction of a complete mitogenic signal from these receptors is lacking in these cells. 26 Here, we show that FDCP-Mix cells expressing human CSF-1R (NAF21 cells) proliferate on stromal cells expressing MemCSF-1. However, CSF-1 immobilized on culture dishes did not support NAF21 cell proliferation unless stromal cell-conditioned medium was added to the culture. Taken together, our results strongly suggest that MemCSF-1 acts as a homing receptor for NAF21 cells thereby allowing their binding to NAF21 cells and subsequent stimulation by stromal cell-derived growth factors.
Materials and methods

Expression vectors
cDNA encoding membrane-bound human CSF-1 (MemCSF-1) was obtained as follows. Plasmid p3ACSF-69, 27 
Cell lines
FDCP-Mix cells 31 were maintained in Iscove's modified Dulbecco's medium (IMDM; Boehringer, Mannheim, Germany) supplemented with 20% horse serum (Boehringer), 20% WEHI cell-conditioned medium (WEHI-CM) as a source of IL-3 and antibiotics.
The murine hematopoietic supportive stromal cell line, MS-5 32 (a kind gift of Dr KJ Mori, Niigata University, Niigata, Japan) was maintained in IMDM supplemented with 10% horse serum and antibiotics. STO fibroblast cell line was maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum (Boehringer).
Transfection
Human c-fms cDNA was expressed in FDCP-Mix cells by electroporation as follows. Cells (5 × 10 6 ) were incubated for 10 min at room temperature with 50 g p5.NAF plasmid in 0.8 ml of Optimem medium (Life Technologies, Gaithersburg, MD, USA) then underwent electroporation with Gene Pulser System (BioRad, Hercules, CA, USA) at a pulse field strength of 10 kV/cm and 960 F capacitance. Transfected cells were cultivated for 48 h in standard culture medium then selected in G418-containing medium (0.4 mg/ml) for 14 days.
Plasmids (16 g pUT.SV1/MemCSF-1 and 4 g p5.neo, or 20 g p5.neo alone) were transfected into MS-5 cells or STO cells (1 × 10 6 cells) by using calcium phosphate-mediated method. 33 The next day, cell cultures were rinsed with IMDM and incubated for 48 h in the presence of fresh culture medium. Cells were then selected in G418-containing medium (0.4 mg/ml) for 14 days and further selected by phleomycin (20 g/ml) for 7 days in the case of MemCSF-1-expressing cells. Individual clones were harvested, expanded and probed for MemCSF-1 expression as described below.
Immunofluorescence
Immunofluorescence staining was performed as previously described. 26 Anti-human CSF-1 receptor monoclonal antibody (MoAb) 12-2D6 34 was purchased from Zymed (San Francisco, CA, USA). IgG fraction from rabbit antisera raised against Leukemia human CSF-1 35 was provided by Dr V Praloran (Faculté de Médecine, Limoges, France).
Rosette formation
The method previously described by Aizawa et al 36 was modified as follows. 2M-1 cells (2 × 10 4 cells) were incubated for 24 h in 35 mm culture dishes (Falcon, Lincoln Park, NJ, USA). Normal FDCP-Mix cells or NAF21 cells (1 × 10 6 ) were incubated for 16 h on these stromal cell cultures in IMDM containing 20% horse serum. Then, nonadherent hematopoietic cells were removed by three washes with PBS. Co-cultures were then examined using a phase contrast reverse microscope. Stromal cells which anchored five or more hematopoietic cells were counted as rosette forming cells. 36 
Inhibitory assay
Anti-human CSF-1 antibodies and anti-CSF-1R MoAb 12-2D6 were used to assess specificity of interaction between 2M-1 cells and NAF21 cells. 
Proliferation assays
2M-1 cells were plated at 4 × 10 3 cells/well in 96-well gelatincoated tissue culture plates (Falcon) for overnight incubation. Control FDCP-Mix cells or NAF21 cells were washed three times with IMDM to remove IL-3 then loaded at 400 cells/well on top of stromal cell layers in IMDM containing 20% horse serum. Cell clusters were counted at 2, 4 and 6 days after the onset of the cultures, clusters being composed of two or more hemopoietic cells adhering to stromal cells.
For experiments performed with immobilized CSF-1, human CSF-1 purified from urine (a gift of Yoshitomi Pharmaceutical Company, Tokyo, Japan) was dissolved in Tris 0.05 m, pH 9.4 at a concentration of 20 g/ml and 40 l of this solution was deposited into wells of 96-well culture plates. After overnight incubation at room temperature, CSF-1 solution was removed and culture wells were washed three times with culture medium. NAF21 cells (3 × 10 4 /culture well) were washed free of IL-3, then plated in IMDM supplemented with 20% horse serum and various concentrations of MS-5 cell conditioned medium previously concentrated 10-fold using Centriprep concentrators (Nihon Millipore, Tokyo, Japan). After a 4-day cultivation, proliferation was measured by modified MTT assay using TetraColor One reagent (Seikagaku, Tokyo, Japan). Ability of immobilized CSF-1 to support proliferation was verified by using human CSF-1R expressing NFS-60 cells that are also responsive to soluble CSF-1. 26 
Glutaraldehyde treatment
Subconfluent layers of 2M-1 cells were washed twice with PBS, then incubated with PBS containing 2.5% glutaraldehyde (Sigma) for 5 min at 37°C. At the end of incubation, cells were washed twice with PBS then twice with culture medium.
Results
FDCP-Mix cells electroporated with p5.NAF vector were selected for 1 week by 0.4 mg/ml G418, expanded in the absence of G418, subjected to a second round of selection and finally subcloned by limiting dilution. Nine independent clones were analyzed for human CSF-1R expression. Clone 21, referred to as 'NAF21 cells', was chosen for this study because it exhibited the highest level of CSF-1R expression ( Figure 1a ) and retained multipotentiality of the parental cell line. Indeed, NAF21 cell cultures contained more than 95% primitive blasts and myeloblasts and 1. When cocultured with 2M-1 cells for 3 days in the absence of added growth factors, NAF21 cells proliferated as small clusters of refractile cells which were not observed with control MS-5 cells (Figure 4 ). NAF21 cell proliferation was investigated by using a miniaturized co-culture system. Four hundred NAF21 cells were cultivated on subconfluent 2M-1 or STO-M2 cell monolayers established in 96-well plates. Proliferation foci (at least two cells/cluster) were counted at days 2, 4 and 6 of culture (Figure 5a ) and cell number was determined in each cluster, allowing calculation of total NAF21 cell number (Figure 5b ) and average cell number per cluster ( Figure 5c ). As seen in Figure 5 , the supportive effects of 2M-1 cells and STO-M2 cells on NAF21 cell proliferation were markedly different. When cultivated on STO-M2 cells, NAF21 cells grew continuously and regularly, but it is noteworthy that cluster size increased slowly compared to 2M-1-cell-stimu- lated cultures. In contrast, when cultivated on 2M-1 cells, NAF21 cells grew rapidly during the first 4 days of co-culture and then proliferation ceased, most cells differentiating towards granulocytes and monocytes/macrophages (not shown). Interestingly, glutaraldehyde-treated 2M-1 cells significantly supported cluster formation by NAF21 cells, with 12.5 ± 3.2% NAF21 cells forming day-6 colonies on treated 2M-1 cells vs 13.8 ± 2.5% on untreated cells, in a typical experiment including a series of six independent cultures (P Ͼ 0.6).
Leukemia
Since previous results suggested that the membrane form of CSF-1, not its soluble form, has a growth-promoting activity on NAF21 cells, we asked if immobilized human CSF-1 would have a proliferative effect on NAF21 cells. For that, human CSF-1 purified from urine was coated on the bottom of culture dishes then overlaid with a suspension of NAF21 cells washed free of growth factors. Under these conditions, NAF21 cells adhered to the culture dish but did not proliferate. Considering these results, we asked whether stromal cell-derived factors were responsible for NAF21 cell growth on 2M-1 cells. Therefore, 10-fold concentrated supernatants of MS-5 cell cultures were tested for their ability to support NAF21 cell growth in the absence or presence of immobilized CSF-1. Proliferation of NAF21 cells was stimulated by concentrated MS-5 cell supernatant in a dose-dependent manner, but immobilized CSF-1 again showed no significant effect on cell growth ( Figure 6 ).
Discussion
FDCP-Mix cells are multipotent hematopoietic cells that undergo self-renewal when cultured in the presence of high concentrations of IL-3. 31 Like hematopoietic stem cells, they can proliferate on stromal cells 38 and they express SCF-R while being unable to proliferate in response to SCF. 26 Similarly, although expression of human CSF-1R in FDCP-Mix cells did not result in CSF-1-dependent proliferation, CSF-1 was able to potentiate the proliferative effects of sub-optimal doses of IL-3. 26 These effects are thus very similar to those of SCF with several cytokines on the proliferation of primitive hematopoietic cells. [39] [40] [41] FDCP-Mix cells expressing human CSF-1R were therefore used here as a model to investigate some aspects of the proliferation of early hematopoietic cells, especially the role of membrane ligands of subclass III of the tyrosine kinase receptor family.
We show here that FDCP-Mix cells can adhere to stromal cells in the absence of IL-3 only when the MemCSF-1/CSF-1R pair is expressed in this cellular system. Adhesion was inhibited in a dose-dependent manner by neutralizing anti-CSF-1 or anti-CSF-1R antibodies, demonstrating that the interaction of MemCSF-1 and CSF-1R is involved in the adhesive interactions between 2M-1 cells and NAF21 cells. In these experiments, adhesion was monitored following a 16-h interaction, a time sufficient for induction of apoptosis in IL-3-deprived FDCP-Mix cells. 42 This indicates that the MemCSF-1/CSF-1R interaction favors the survival of NAF21 cells, consistent with a previous report that survival factors are required to maintain adhesion of hematopoietic progenitor cells to stroma. 43 Since soluble CSF-1 is a poor survival factor for NAF21 cells (unpublished data), membrane presentation of CSF-1 might result in increased anti-apoptotic CSF-1R effects. Alternatively, MemCSF-1/CSF-1R interaction may allow survival response of NAF21 cells to 2M-1 cell-derived factors. In this respect, induction of bcl-2 gene expression was observed in myeloid DA-1 cells cultivated on MS-5 cells, cell-cell interaction resulting in GM-CSF synthesis and release in the culture medium. 44 However, NAF21 cells adhered also to glutaraldehyde-fixed 2M-1 cells, thus excluding the possibility that soluble factors produced by 2M-1 cells are involved in NAF21 cell survival.
In the second part of our study, we showed that NAF21 cells proliferate and form clusters on 2M-1 and STO-M2 cells. In contrast, few normal FDCP-Mix cells proliferated on control adherent cells. Interestingly, about 10% of NAF21 cells started
Leukemia
Figure 4
Photomicrographs of adherent NAF21 cells after overnight incubation on MS-5.Neo (A) or 2M-1 (B) cell layers. to proliferate on MemCSF-1-expressing cells, which is comparable to the cloning efficiency of normal FDCP-Mix cells in response to IL-3. 26, 31 However, co-culture outcome was different depending on whether NAF21 cells were plated on 2M-1 cells or on STO-M2 cells. NAF21 cells grew slowly on STO-M2 cells, whereas their proliferation rate on 2M-1 cells (doubling time: 22 h) was similar to that observed with IL-3-stimulated FDCP-Mix cells, 31 at least during the first 4 days of co-culture. These results strongly suggest that adherent cells provide specific factors modulating NAF21 cell proliferation. We also showed that immobilized CSF-1 fails to support NAF21 cell growth. It is noteworthy that the different sources of CSF-1 used in these studies did not contain the proteoglycan form of CSF-1 45, 46 and thus exhibited the same biological activity. First, immobilized CSF-1 was purified from urine as a 85 kDa molecule resulting from cleavage of CSF-1 precursor upstream of serine 277 which is the attachment site of chondroitin sulfate chain. 47 Second, MemCSF-1 cDNA does not contain the codon for serine 277 since it is carried by exon 6 which was removed during construction of MemCSF-1 vector.
Considering our data altogether, we propose that NAF21 cells proliferated exclusively in response to stromal cellderived factors when cocultured with 2M-1 or STO-M2 cells. Furthermore, inactivation of 2M-1 cells by glutaraldhyde treatment did not affect NAF21 cell proliferation, suggesting that secreted stromal factors are not involved in this process. Accordingly, supernatants from 2M-1 cell cultures cultivated in the presence or absence of NAF21 cells did not support proliferation of NAF21 cells when tested at 50% final concentration (data not shown). However, very high concentrations of MS-5 cell-derived factors did support NAF21 cell growth, irrespective of the presence of CSF-1 ( Figure 6 ). Taken together, these data strongly support the idea that MemCSF-1/CSF-1R interaction allows NAF21 cells to interact with Proliferation of NAF21 cells in response to MS-5 cellderived growth factors. Supernatants of confluent MS-5 cell cultures were pooled and concentrated 10 times as indicated (Methods) then introduced at various concentrations in short-term NAF21 cell proliferation assay as specified. Cultures were performed in the presence or the absence of CSF-1 coated on culture wells. Results are given as mean Ϯ s.d. of three independent experiments. growth factors expressed on the surface of stromal cells or concentrated in the extracellular matrix, resulting in cell survival and proliferation. Consistent with this interpretation, we found that NAF21 cells proliferated in response to high concentrations of GM-CSF or G-CSF (not shown).
In conclusion, this study revealed an uncoupling of the proliferative and adhesive effects of a membrane growth factor. SCF, CSF-1 and FL are constitutively synthesized in both soluble and membrane forms by bone marrow stromal cells. [48] [49] [50] As mentioned in the Introduction, primitive hematopoietic cells do not proliferate in response to SCF or FL, although they abundantly express the cognate receptors. However, SCF and FL can synergize with various cytokines 7 and it was proposed that locally high SCF concentrations in the hematopoietic microenvironment would result in anchoring of hematopoietic progenitors, thereby allowing them to respond to low, physiological, concentrations of other cytokines. 39 Our data are consistent with this model and emphasize the role of membrane form of growth factors as anchoring molecules. Such a mechanism may also confer a growth advantage to some leukemic cells that express high levels of tyrosine kinase receptors.
